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is generated by superimposing a zero-phase-sequence
voltage command (Vo*) having a frequency component
that is three times an AC fundamental frequency. Phase
adjustment of the zero-phase-sequence voltage com-
mand (Vo*) is performed on the basis of voltage of a DC
capacitor (13) in the converter cell (11) and the arm volt-
age command (VA*).

(57) A power converter (10) includes two arms for
each phase between DC terminals (5P, 5N), and each
arm is formed by connecting a plurality of converter cells
(11) in series. A control device (20) includes an arm volt-
age command generation unit (24) which generates, for
each arm, an arm voltage command (VA*) for the plurality
of converter cells (11). The arm voltage command (VA*)
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Description

TECHNICAL FIELD

[0001] The present invention relates to a power conversion device.

BACKGROUND ART

[0002] Inrecentyears, in power conversion devices used for high-voltage application such as a power grid, a multilevel
converter in which a plurality of converter cells each including an energy storage element are connected in series in a
multiplexed manner, has been put into practice. Such a converter is called a modular multilevel converter (MMC) type,
a cascaded multilevel converter (CMC) type, or the like.

[0003] In a conventional power conversion device that converts three-phase AC power using a general inverter/con-
verter as described in, for example, Patent Document 1, when imbalance of a power grid is detected, a sinusoidal base
signal is generated for each phase, and a third-order harmonic is superimposed on each base signal, to generate a
voltage command signal for each phase. Thus, the peak of the voltage command is reduced, whereby utilization of DC
voltage can be improved.

[0004] Meanwhile, a conventional power conversion device described in Patent Document 2 is a power conversion
device of the MMC type and outputs zero-phase-sequence voltage with a third-order harmonic of a fundamental wave
superimposed thereon to an AC circuit as in the control described in Patent Document 1.

CITATION LIST

PATENT DOCUMENT

[0005]

Patent Document 1: Japanese Laid-Open Patent Publication JP 2018- 14 860 A
Patent Document 2: WO 2017/046908 A1

SUMMARY OF THE INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION

[0006] In the above conventional power conversion device of the MMC type, a different capacitor is provided for each
arm, and power pulsation of each arm flows in/out to/from each capacitor. Therefore, depending on the capacitances
of the capacitors or the operation condition, voltage pulsation might occur in the capacitors of each arm, thus hampering
improvement in utilization of DC voltage.

[0007] The presentinvention has been made to solve the above problem, and an object of the present invention is to
provide a power conversion device of the MMC type that can assuredly improve utilization of DC voltage.

SOLUTION TO THE PROBLEMS

[0008] A power conversion device according to the present invention includes: a power converter for performing power
conversion between a DC circuit and a three-phase AC circuit; and a control device for performing output control of the
power converter. The power converter includes, for each phase of the three-phase AC circuit, two arms provided between
common DC terminals and connected to each other, a connection portion therebetween being connected to the corre-
sponding phase of the three-phase AC circuit, each of the arms being formed by connecting, in series, a plurality of
converter cells each composed of a plurality of semiconductor switching elements and a DC capacitor.

[0009] The control device includes a voltage command generation unit which generates, for each of the arms of the
power converter, an output voltage command for the plurality of converter cells, and the control device generates, for
each of the arms, a base command for output voltage of the plurality of converter cells, performs phase adjustment of
a zero-phase-sequence voltage command having a frequency component that is three times a fundamental frequency
of the three-phase AC circuit on the basis of voltage of the DC capacitor and the output voltage command, and super-
imposes the phase-adjusted zero-phase-sequence voltage command on the base command, thus generating the output
voltage command.
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EFFECT OF THE INVENTION

[0010] The powerconversion device according to the presentinvention makes it possible to provide a power conversion
device of the MMC type that can assuredly improve utilization of DC voltage.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011]

FIG. 1 shows a schematic configuration of a power conversion device according to Embodiment 1.

FIG. 2 shows a configuration example of a converter cell according to Embodiment 1.

FIG. 3 shows a configuration example of a converter cell according to Embodiment 1.

FIG. 4 is a block diagram showing a main control unit of a control device according to Embodiment 1.

FIG. 5 is a block diagram showing an arm control unit of the control device according to Embodiment 1.

FIG. 6 is a block diagram showing a zero-phase-sequence voltage command generation unit according to Embod-
iment 1.

FIG. 7 is a waveform diagram showing the relationship between a capacitor voltage sum for an arm and an arm
voltage command in a first comparative example.

FIG. 8 is a waveform diagram showing the relationship between a capacitor voltage sum for an arm and an arm
voltage command in a second comparative example.

FIG. 9 is a waveform diagram at various parts, for illustrating operation of the power conversion device according
to Embodiment 1.

FIG. 10 is a waveform diagram at various parts, for illustrating operation of the power conversion device according
to Embodiment 1.

FIG. 11 is a waveform diagram at various parts, for illustrating operation of the power conversion device according
to Embodiment 1.

FIG. 12 is a waveform diagram at various parts, for illustrating operation of the power conversion device according
to Embodiment 1.

FIG. 13 is a waveform diagram showing an arm voltage command and a control margin according to Embodiment 1.
FIG. 14 is a waveform diagram showing detection sections and phase update of a zero-phase-sequence voltage
command in a power conversion device according to Embodiment 3.

FIG. 15 is a waveform diagram showing an arm voltage command and a control margin for each arm in the power
conversion device according to Embodiment 3.

FIG. 16 shows detection arms set for each detection section in the power conversion device according to Embodiment
3.

FIG. 17 is a flowchart illustrating operation of the power conversion device according to Embodiment 3.

FIG. 18 is a flowchart illustrating operation of the power conversion device according to Embodiment 3.

FIG. 19 is a waveform diagram showing phase update of a zero-phase-sequence voltage command in the power
conversion device according to Embodiment 3.

FIG. 20 is a waveform diagram showing phase update of a zero-phase-sequence voltage command in a power
conversion device according to Embodiment 4.

FIG. 21 is a flowchart illustrating operation of the power conversion device according to Embodiment 4.

DESCRIPTION OF EMBODIMENTS

Embodiment 1

[0012] FIG. 1 shows a schematic configuration of a power conversion device according to Embodiment 1.

[0013] As shown in FIG. 1, a power conversion device 1 includes a power converter 10 which is a main circuit and a
control device 20 for performing output control of the power converter 10, and is connected between an AC grid 2 as a
three-phase AC circuit and a DC circuit 4.

[0014] The power converter 10 includes a plurality of leg circuits 100u, 100v, 100w (referred to as leg circuit(s) 100
when mentioning them collectively or any of them) connected in parallel to each other, between a positive DC terminal
5P and a negative DC terminal 5N which are common DC terminals.

[0015] The leg circuit 100 is provided for each of a plurality of phases (in this case, three phases U, V, W) forming
AC. The leg circuits 100 are connected between the AC grid 2 and the DC circuit 4 and perform power conversion
between AC and DC. AC input terminals 6 respectively provided to the leg circuits 100u, 100v, 100w are connected to
the AC grid 2 via a transformer 3.
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[0016] The positive DC terminal 5P and the negative DC terminal 5N connected in common to the leg circuits 100 are
connected to the DC circuit 4. The DC circuit 4 is, for example, a DC power grid including a DC power transmission
network and the like, or another power conversion device. In the former case, a high-voltage DC power transmission
(HVDC) system is formed. In the latter case, two power conversion devices are connected, thus forming a back-to-back
(BTB) system for connecting two AC grids different in rated frequency or the like.

[0017] The leg circuit 100u includes a U-phase upper arm Pu from the positive DC terminal 5P to the AC input terminal
6, and a U-phase lower arm Nu from the negative DC terminal 5N to the AC input terminal 6. The leg circuit 100v includes
a V-phase upper arm Pv from the positive DC terminal 5P to the AC input terminal 6, and a V-phase lower arm Nv from
the negative DC terminal 5N to the AC input terminal 6. The leg circuit 100w includes a W-phase upper arm Pw from
the positive DC terminal 5P to the AC input terminal 6, and a W-phase lower arm Nw from the negative DC terminal 5N
to the AC input terminal 6.

[0018] That s, the upper arms Pu, Pv, Pw for the respective phases and the lower arms Nu, Nv, Nw for the respective
phases are connected in series to each other, and the connection points therebetween serve as the AC input terminals
6 for the respective phases.

[0019] The leg circuits 100u, 100v, 100w have the same configuration. Therefore, hereinafter, the leg circuit 100u for
U phase will be described as a representative.

[0020] The arm Pu is formed by connecting a plurality of (N) converter cells 11 and a reactor 12P in series. Similarly,
the arm Nu is formed by connecting a plurality of (N) converter cells 11 and a reactor 12N in series.

[0021] The position where the reactor 12P is provided may be any position in the arm Pu, and the position where the
reactor 12N is provided may be any position in the arm Nu.

[0022] As each of the reactors 12P, 12N, a plurality of reactors may be provided, and the inductance values of the
reactors may be different from each other. Only one of the reactors 12P, 12N may be provided and another one may
be omitted.

[0023] Although the case where the AC input terminals 6 are connected to the AC grid 2 via the transformer 3 is shown
here, a configuration in which the AC input terminals 6 are connected to the AC grid 2 via an interconnection reactor
instead of the transformer 3, may be adopted.

[0024] Instead of the AC input terminals 6 for the respective phases, primary windings may be provided to the leg
circuits 100u, 100v, 100w and the leg circuits 100u, 100v, 100w may be electrically connected to the transformer 3 via
secondary windings magnetically coupled with the primary windings. In this case, the reactors 12P, 12N may be used
as the primary winding for each phase.

[0025] That s, the upper arms Pu, Pv, Pw for the respective phases and the lower arms Nu, Nv, Nw for the respective
phases are connected to each other by connection portions such as the AC input terminals 6 or the primary windings,
and are electrically connected to the AC grid 2 via the connection portions.

[0026] The powerconversiondevice 1 furtherincludes DC voltage detectors 7P, 7N, an arm current detector 8 provided
to each of the arms Pu, Nu, Pv, Nv, Pw, Nw, an AC voltage detector 9A, and an AC current detector 9B, as detectors
for measuring electric quantities (current, voltage, etc.) used for control. Signals from these detectors are inputted to the
control device 20 via signal lines.

[0027] The signal lines are formed by optical fibers, for example. In FIG. 1, for simplification, some of the signal lines
for signals to be inputted from the detectors to the control device 20 are collectively shown. Similarly, some of signal
lines for signals to be inputted/outputted between the control device 20 and the converter cells 11 are collectively shown.
The signal lines between the converter cells 11 and the control device 20 may be separately provided as the ones for
transmission and the ones for reception.

[0028] Hereinafter, each detector will be specifically described.

[0029] The DC voltage detector 7P detects DC voltage VdcP of the positive DC terminal 5P. The DC voltage detector
7N detects DC voltage VdcN of the negative DC terminal 5N. A difference between the DC voltage VdcP and the DC
voltage VdcN is defined as DC voltage Vdc.

[0030] The arm current detectors 8 provided to the arms Pu, Nu, Pv, Nv, Pw, Nw respectively detect arm currents IPu,
INu, IPv, INv, IPw, INw flowing through the arms Pu, Nu, Pv, Nv, Pw, Nw. In the following description, the arm currents
IPu, IPv, IPw are collectively referred to as upper arm currents IAP, the arm currents INu, INv, INw are collectively
referred to as lower arm currents IAN, and the upper arm current IAP and the lower arm current IAN are collectively
referred to as arm currents IA.

[0031] The AC voltage detector 9A detects AC voltage Vacu for U phase, AC voltage Vacv for V phase, and AC voltage
Vacw for W phase of the AC grid 2. In the following description, Vacu, Vacv, and Vacw are collectively referred to as Vac.
[0032] The AC current detector 9B detects AC current lacu for U phase, AC current lacv for V phase, and AC current
lacw for W phase of the AC grid. In the following description, lacu, lacv, and lacw are collectively referred to as lac.
[0033] FIG. 2 and FIG. 3 show configuration examples of each converter cell 11 in the power converter 10.

[0034] The converter cell 11 shown in FIG. 2 has a circuit configuration called a half-bridge configuration.

[0035] This converter cell 11 includes a series unit formed by connecting, in series, two switching elements Q1, Q2
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to which diodes D are connected in antiparallel, a DC capacitor 13, a voltage detector 14, and a bypass switch 15. The
series unit of the switching elements Q1, Q2 and the DC capacitor 13 are connected in parallel.

[0036] Inthis case, both terminals of the switching element Q2 serve as input/output terminals 11A, 11B of the converter
cell 11. Through switching operations of the switching elements Q1, Q2, voltage Vc across the DC capacitor 13 or zero
voltage is outputted. For example, when the switching element Q1 is ON and the switching element Q2 is OFF, the
voltage Vc across the DC capacitor 13 is outputted. When the switching element Q1 is OFF and the switching element
Q2 is ON, zero voltage is outputted.

[0037] The voltage detector 14 detects the voltage Vc across the DC capacitor 13. The bypass switch 15 is connected
between the input/output terminals 11A, 11B. For example, by turning on the bypass switch 15 when the AC grid 2 is
abnormal, the converter cell 11 is short-circuited, whereby the switching elements Q1, Q2 in the converter cell 11 are
protected from overcurrent.

[0038] The converter cell 11 shown in FIG. 3 has a circuit configuration called a full-bridge configuration. This converter
cell 11 includes a first series unit formed by connecting, in series, two switching elements Q3, Q4 to which diodes D are
connected in antiparallel, a second series unit similarly formed by connecting, in series, two switching elements Q5, Q6
to which diodes D are connected in antiparallel, a DC capacitor 13, a voltage detector 14, and a bypass switch 15. The
first series unit of the switching elements Q3, Q4, the second series unit of the switching elements Q5, Q6, and the DC
capacitor 13 are connected in parallel.

[0039] In this case, the middle point in the first series unit of the switching elements Q3, Q4 and the middle point in
the second series unit of the switching elements Q5, Q6 serve as input/output terminals 11A, 11B of the converter cell
11. Through switching operations of the switching elements Q3 to Q6, positive/negative voltage Vc across the DC
capacitor 13 or zero voltage is outputted.

[0040] Similarly to the converter cell 11 shown in FIG. 2, the voltage detector 14 detects the voltage Vc across the
DC capacitor 13. The bypass switch 15 is connected between the input/output terminals 11A, 11B.

[0041] As the switching elements Q1 to Q6 in the converter cell 11 shown in FIG. 2 and FIG. 3, for example, self-turn-
off semiconductor switching elements such as an insulated gate bipolar transistor (IGBT), a gate commutated turn-off
(GCT), or a thyristor are used. As the DC capacitor 13, a film capacitor is mainly used.

[0042] In the following description, the converter cell 11 having the half-bridge configuration shown in FIG. 2 is used.
[0043] The converter cell 11 may have a configuration other than the above-described ones, and for example, a circuit
configuration called a clamped double cell may be used. Also, the switching elements Q1 to Q6 and the DC capacitor
13 are not limited to the above-described ones.

[0044] Next, the configuration of the control device 20 will be described.

[0045] As described above, the control device 20 receives the DC voltages VdcP, VdcN, the arm currents IA of the
arms Pu, Nu, Pv, Nv, Pw, Nw, the AC voltage Vac for each phase, the AC current lac for each phase, and the capacitor
voltage Vc of each converter cell 11, which are detected values. Then, on the basis of the above received information,
the control device 20 generates and outputs gate signals gs1, gs2 for driving the switching elements Q1, Q2 of each
converter cell 11.

[0046] In the control device 20, from the above received information, the DC voltage Vdc and DC current Idc are
calculated, and further, circulation currents Iccu, Iccv, Iccw for the respective phases are calculated. In the following
description, Iccu, Iccv, and Iccw are collectively referred to as Icc.

[0047] The circulation current Icc for each phase is current circulating in the power converter 10 without flowing to the
AC side and the DC side, and is represented as follows.

Icc = (IAP + TAN)/2 - Idc/3

[0048] FIG. 4 is a block diagram showing a main control unit 20A of the control device 20, and FIG. 5 is a block diagram
showing an arm control unit 20B of the control device 20.

[0049] The control device 20 includes the main control unit 20A, and the arm control units 20B provided for the
respective arms Pu, Nu, Pv, Nv, Pw, Nw. In FIG. 5, the arm control unit 20B for the arm Nu is shown.

[0050] As shown in FIG. 4, the main control unit 20A includes a DC control unit 21, a circulation current control unit
22, an AC control unit 23, an arm voltage command generation unit 24, a zero-phase-sequence voltage command
generation unit 25, and an arm modulation command generation unit 26. Further, the main control unit 20A includes a
capacitor voltage summing unit 27 and a phase locked loop (PLL) unit 28.

[0051] The DC controlunit21 receives the DC voltage Vdc and the DC current Idc, and on the basis of these, generates
a DC voltage command Vdc*. The generated DC voltage command Vdc* is inputted to the arm voltage command
generation unit 24.

[0052] The circulation current control unit 22 receives the circulation currents Icc for the respective phases, and on
the basis of the circulation currents lcc, generates circulation voltage commands Vccu*, Vcev*, Veew™ for the respective



10

15

20

25

30

35

40

45

50

55

EP 4 191 865 A1

phases. Inthe following description, Vccu*, Veev*, and Veew* are collectively referred to as Vec*. The generated circulation
voltage commands Vcc* for the respective phases are inputted to the arm voltage command generation unit 24.
[0053] The AC control unit 23 receives the AC voltages Vac for the respective phases and the AC currents lac for the
respective phases, and on the basis of these, generates AC voltage commands Vacu*, Vacv*, Vacw* for the respective
phases. In the following description, Vacu*, Vacv*, and Vacw* are collectively referred to as Vac*. The generated AC
voltage commands Vac* for the respective phases are inputted to the arm voltage command generation unit 24.
[0054] The arm voltage command generation unit 24 receives the DC voltage command Vdc*, the AC voltage com-
mands Vac* for the respective phases, and the circulation voltage commands Vcc* for the respective phases, and further
receives a zero-phase-sequence voltage command Vo* generated by the zero-phase-sequence voltage command gen-
eration unit 25. Then, the arm voltage command generation unit 24 generates arm voltage commands VAPu*, VANu*,
VAPv*, VANvV*, VAPw*, VANw* (referred to as arm voltage commands VA* when mentioning them collectively) as output
voltage commands for the respective arms Pu, Nu, Pv, Nv, Pw, Nw.

[0055] First, a base command based on the DC voltage command Vdc*, the AC voltage command Vac* for each
phase, and the circulation voltage command Vcc* for each phase is generated, and the zero-phase-sequence voltage
command Vo* is superimposed on the base command, whereby the arm voltage command VA* is generated.

[0056] Forexample, the arm voltage commands VAPu*, VANu* for U phase are represented by the following Expres-
sions (1) and (2). The same applies to V phase and W phase.

VAPu* = Vdc* - Vacu* + Vceu* - Vo* .. (D)

VANu* = Vdc* + Vacu* + Vccu* + Vo* .. (2)

[0057] The capacitor voltage summing unit 27 obtains the capacitor voltages Vc of the respective converter cells 11
and calculates capacitor voltage sums VcAPu, VcANu, VcAPv, VcANv, VcAPw, VcANw (referred to as capacitor voltage
sums VcA when mentioning them collectively) for the respective arms Pu, Nu, Pv, Nv, Pw, Nw. The arm control unit 20B
for each arm Pu, Nu, Pv, Nv, Pw, Nw collects N capacitor voltages Vc of the converter cells 11.

[0058] The PLL unit 28 extracts a phase 6s from the AC voltage Vac for each phase. For example, the AC voltage
Vacu for U phase is represented as Vacu = Vp-sin6s, using an amplitude Vp.

[0059] The zero-phase-sequence voltage command generation unit 25 receives the AC voltage commands Vac* for
the respective phases, the respective arm voltage commands VA*, the capacitor voltage sums VcA for the respective
arms, and the phase 0s, and generates the zero-phase-sequence voltage command Vo*. The details of the zero-phase-
sequence voltage command generation unit 25 will be described later.

[0060] The arm modulation command generation unit 26 receives the respective arm voltage commands VA* and the
capacitor voltage sums VcA for the respective arms Pu, Nu, Pv, Nv, Pw, Nw, and generates arm modulation commands
KAPu*, KANu*, KAPv*, KANv*, KAPw*, KANw* (referred to as arm modulation commands KA* when mentioning them
collectively) for the respective arms Pu, Nu, Pv, Nv, Pw, Nw.

[0061] As described above, the control device 20 includes similar arm control units 20B for the respective arms Pu,
Nu, Pv, Nv, Pw, Nw. Hereinafter, the arm control unit 20B for the arm Nu will be described.

[0062] As shown in FIG. 5, the arm control unit 20B includes, for each converter cell 11 in the arm Nu, a cell control
unit 29 for controlling the converter cell 11 individually. The arm control unit 20B receives the arm modulation command
KANu* from the arm modulation command generation unit 26, the capacitor voltage sum VcANu from the capacitor
voltage summing unit 27, and the detected arm current INu, as information about the arm Nu. The above received
information is also inputted to each of the cell control units 29 for controlling the respective converter cells 11.

[0063] Each cell control unit 29 operates as follows.

[0064] In the converter cell 11 that is a control target of the cell control unit 29, the capacitor voltage Vc is detected
by the voltage detector 14, and the capacitor voltage Vc is inputted to the cell control unit 29. In addition, the detected
capacitor voltage Vc is also outputted from the cell control unit 29 to the capacitor voltage summing unit 27 of the main
control unit 20A.

[0065] The cell control unit 29 controls the converter cell 11 so that the capacitor voltage Vc of the converter cell 11
that is the control target approaches an average value (VcANu/N) of the capacitor voltages in the arm Nu.

[0066] More specifically, the cell control unit 29 calculates a control quantity from the arm current INu and a deviation
between the average value (VcANU/N) of the capacitor voltages and the corresponding capacitor voltage V¢, and su-
perimposes the control quantity on the arm modulation command KANu*, to correct the arm modulation command
KANu*. Then, on the basis of the corrected arm modulation command KANu*, the cell control unit 29 generates and
outputs gate signals gs1, gs2 for driving the switching elements Q1, Q2 of the corresponding converter cell 11.

[0067] In the above description of the control device 20, for simplification, the case where control for balancing the



10

15

20

25

30

35

40

45

50

55

EP 4 191 865 A1

capacitor voltage sums VcA for the respective arms Pu, Nu, Pv, Nv, Pw, Nw is omitted has been shown. However,
control for balancing the DC voltages between phases or between arms may be added.

[0068] FIG. 6 is a block diagram showing the zero-phase-sequence voltage command generation unit 25.

[0069] As shown in FIG. 6, the zero-phase-sequence voltage command generation unit 25 receives the AC voltage
commands Vac* for the respective phases, the respective arm voltage commands VA*, the capacitor voltage sums VcA
for the respective arms, and the phase 6s, and generates the zero-phase-sequence voltage command Vo*.

[0070] In this case, the zero-phase-sequence voltage command Vo* having a frequency component that is three times
the fundamental frequency of AC voltage is generated with the phase thereof adjusted. Then, as described above, the
zero-phase-sequence voltage command Vo* is superimposed on the base command, whereby the arm voltage command
VA* is generated.

[0071] The zero-phase-sequence voltage command Vo* has a common value among U phase, V phase, and W phase,
and theoretically, does not influence outputted AC voltage between phases. In addition, since the zero-phase-sequence
voltage command Vo* has a frequency component that is three times the fundamental frequency of the AC voltage,
when the AC voltage Vac is balanced and the numbers of normal converter cells 11 (the numbers of operating converter
cells 11) included in the respective arms Pu, Nu, Pv, Nv, Pw, Nw are equal, instantaneous power for each phase is
balanced.

[0072] The AC voltage command Vac* inputted to the zero-phase-sequence voltage command generation unit 25 is
inputted to a zero-phase-sequence voltage generation unit 30 and a reference phase generation unit 31 in the zero-
phase-sequence voltage command generation unit 25.

[0073] The reference phase generation unit 31 detects phase shift v of AC voltage due to voltage drop by the
transformer 3 and the reactor 12P (or 12N) (hereinafter, may be simply referred to as phase 6v), and the phase shift Ov
is inputted to a phase adjustment unit 32. On the basis of the phase 6v outputted from the reference phase generation
unit 31, the reference phase of the AC voltage command Vac* becomes (6s + 6v).

[0074] The phase adjustment unit 32 further receives the respective arm voltage commands VA*, the capacitor voltage
sums VcAfor the respective arms, and the phase 6s, and determines an adjustment phase 6o for adjusting the phase
of the zero-phase-sequence voltage command Vo* (hereinafter, may be simply referred to as phase 60).

[0075] The zero-phase-sequence voltage generation unit 30 generates the zero-phase-sequence voltage command
Vo* on the basis of the AC voltage command Vac* and the phases 0s, 6v, 6o.

[0076] When the circulation current Icc is O, the arm voltage command VANu* for the U-phase lower arm Nu is
represented by the following Expression (3), on the basis of the above Expression (2).

VANu* = Vdc* + Vacu* + Vo* .. (3)

[0077] Here, Vdc* and Vacu* are represented as Vdc* = Vdc/2 and Vacu* = Vp-sin(6s + 6v), and the zero-phase-
sequence voltage command Vo* is represented by the following Expression (4), using a constant a.

Vo* =a Vp-sin3(0s + 6v + 60) .. (4)

[0078] Then, the above Expression (3) can be deformed into the following Expression (5).

VANu* = (Vdc/2) + Vp-sin(Bs + 6v) + a-Vp-sin3(0s + 6v + 00) ... (5)

[0079] In a general 2-level three-phase power conversion device not having a MMC configuration, a common DC
capacitor is connected for three phases collectively. Therefore, power pulsations occurring in the respective phases are
canceled out and the voltage of the DC capacitor is constant while hardly pulsating. In such a case, phase adjustment
for the zero-phase-sequence voltage command to be superimposed is not needed, that is, with the adjustment phase
6o = 0, the peak of the AC output voltage can be reduced. Here, power flows in/out to/from the DC capacitor due to
switching, but is negligible because the switching frequency is a high frequency.

[0080] Also in a power conversion device having a MMC configuration, the same applies if voltage of the DC capacitor
is almost constant without pulsating. This will be shown as a first comparative example below.

[0081] FIG. 7 is a waveform diagram showing the relationship between a capacitor voltage sum for an arm and an
arm voltage command in the first comparative example. The first comparative example is an example in which voltage
of the DC capacitor is almost constant without pulsating under the same configuration as that of the power conversion
device 1 according to Embodiment 1.

[0082] As shownin FIG. 7, a capacitor voltage sum VcAa for an arm is constant. For controlling the output voltage of
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the arm, a zero-phase-sequence voltage command is superimposed on a base command VAa*, whereby an arm voltage
command VAB* is generated. In this case, phase adjustment for the zero-phase-sequence voltage command is not
needed, and the zero-phase-sequence voltage command Vo* and the arm voltage command VANu* (VA(3*) obtained
when 6o is 0 in the above Expressions (4) and (5) are used.

[0083] In the first comparative example, it is found that the peak of the arm voltage command VAB* on which the zero-
phase-sequence voltage command with no phase adjustment has been superimposed is reduced. In this case, by setting
the constant a to 1/6, a necessary output voltage range can be reduced by about 13%.

[0084] The power conversion device 1 having the MMC configuration according to Embodiment 1 is used ina HVDC
system or a BTB system, and in actuality, power pulsation occurring in each arm directly flows in/out to/from the DC
capacitor 13 of each converter cell 11. For example, the arm current INu of the arm Nu which is the U-phase lower arm
is represented by the following Expression (6). Here, Ip is an amplitude and ¢ is a power factor.

INu = -Idc¢/3 + Ip-sin(Bs + @) ... (6)

[0085] Instantaneous power pNu flowing in/out to/from the arm Nu is calculated as a product of the arm voltage
command VANu* shown by the above Expression (5) and the arm current INu shown by the above Expression (6), and
is represented by the following Expression (7). Here, the influence on the instantaneous power pNu due to superimposition
of the zero-phase-sequence voltage command Vo* in Expression (5) is small and therefore is regarded as 0, for simpli-
fication.

pNu = (Vdc-Ip/2)-sin(0s + ¢) - (Vp-1dc/3)-sin(Bs + 6v) - (Vp-Ip/2)-cos(26s + Ov + @)
)

[0086] From the above Expression (7), it is found that power pulsation having a frequency that is equal to or two times
the fundamental frequency of the AC grid 2 flows in/out to/from the arm Nu. Power pulsation AWNu at t = 0 in the DC
capacitor 13 in the arm Nu is represented by the following Expression (8). Here, 6s = wt is satisfied.

AWNu = -(Vdc- Ip/2w)-cos(0s + ¢) + (Vp-Ide/3w)-cos(0s + 6v) - (Vp-Ip/4w)-sin(26s + Ov + @)
. (8)

[0087] With the power pulsation AWNu, the capacitor voltage sum VcANu for the arm Nu pulsates, and voltage that
can be outputted by the arm Nu also varies with time. The pulsation of the capacitor voltage sum VcA increases as the
capacitance of the DC capacitor 13 becomes smaller.

[0088] A case where, while the capacitor voltage sum VcA varies with time, the arm voltage command VAB* on which
the zero-phase-sequence voltage command with no phase adjustment has been superimposed is used as in the first
comparative example, will be shown as a second comparative example below.

[0089] FIG. 8 is a waveform diagram showing the relationship between a capacitor voltage sum for an arm and an
arm voltage command in the second comparative example. The second comparative example is an example in which,
under the same configuration as that of the power conversion device 1 according to Embodiment 1, voltage of the DC
capacitor 13 pulsates and the same zero-phase-sequence voltage command as used in the above first comparative
example, i.e., the zero-phase-sequence voltage command with no phase adjustment is used. The base command VAa*
and the arm voltage command VAB* are the same as in the first comparative example shown in FIG. 7, while the capacitor
voltage sum VcA for the arm is pulsating.

[0090] In the second comparative example, the arm voltage command VAB* does not fall within an output voltage
range between the value of the capacitor voltage sum VcA and 0, and as a result, there is a region where voltage cannot
be outputted.

[0091] In addition, each converter cell 11 is individually controlled and the output voltage thereof might increase/de-
crease more or less. Further, pulsation due to switching is superimposed on the capacitor voltage Vc of each converter
cell 11, so that the range of voltage that can be outputted might change more or less.

[0092] From the above, itis desirable that the arm voltage command falls within the output voltage range with a margin
provided.

[0093] In the present embodiment, by performing phase adjustment of the zero-phase-sequence voltage command
Vo*, the arm voltage command VA* is caused to fall within the output voltage range between the value of the capacitor
voltage sum VcA and 0 with a margin provided. In this case, the control device 20 changes the adjustment phase 6o for
the zero-phase-sequence voltage command Vo* so that a margin of the arm voltage command VA* with respect to the
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output voltage range increases.

[0094] Phase adjustment of the zero-phase-sequence voltage command Vo* will be described in detail below.
[0095] As the margin of the arm voltage command VA* with respect to the output voltage range (0 to VcA) of the arm,
there are an upper margin cU to an upper limit value VcA and a lower margin oL to a lower limit value 0. The upper
margin cU is a control margin in the present invention. Both margins are instantaneous values. The upper margin cU
is a value obtained by subtracting the arm voltage command VA* from the capacitor voltage sum VcA and the lower
margin ol is equal to the arm voltage command VA*.

[0096] In order to increase the margin of the arm voltage command VA* with respect to the output voltage range (0
to VcA) of the arm, both of a minimum value cUmin of the upper margin cU and a minimum value cLmin of the lower
margin oL need to be made as great as possible in one cycle of the AC voltage. Therefore, the adjustment phase 6o for
the zero-phase-sequence voltage command Vo™ is changed so that the smaller one of the two minimum values cUmin,
oLmin in one cycle of the AC voltage increases.

[0097] FIG. 9is a waveform diagram at various parts, for illustrating operation of the power conversion device. In FIG.
9, the capacitor voltage sum VcA, the arm voltage command VA*, the upper margin cU, the lower margin oL, and the
zero-phase-sequence voltage command Vo* are shown. Here, a case where the adjustment phase 6o for the zero-
phase-sequence voltage command Vo* is increased is shown, and a zero-phase-sequence voltage command Vo*a, an
arm voltage command VA*a, an upper margin cUa, and a lower margin cLa are waveforms before phase adjustment.
[0098] Here, waveforms for the arm Nu are shown. The capacitor voltage sum VcA, the arm voltage command VA*,
the upper margin cU, and the lower margin cL may be read as being replaced with a capacitor voltage sum VcANu, an
arm voltage command VANu*, an upper margin cUNu, and a lower margin cLNu.

[0099] In a case where positive power is transmitted from the AC grid 2 to the DC circuit 4, the capacitor voltage sum
VcANu for the arm Nu pulsates as follows, in accordance with the above Expression (8). That is, on the capacitor voltage
sum VcANu, negative-direction pulsation is superimposed in a range of 0 < 6s < /2, and positive-direction pulsation is
superimposed in a range of /2 < 8s < x.

[0100] If the adjustment phase 6o for the zero-phase-sequence voltage command Vo* is 0, the arm voltage command
VANu* has local maximum values at 6s = /3 and 2n/3. Therefore, around 6s = /3, the capacitor voltage sum VcANu
is small and the range of voltage that can be outputted is small, so that the upper margin cUNu also becomes small.
Around 6s = 2r/3, the capacitor voltage sum VcANu is great and the range of voltage that can be outputted is great, so
that the upper margin cUNu also becomes great.

[0101] Itis known that, in the arm voltage command VANu* shown by the above Expression (5), the necessary output
voltage range can be effectively reduced in a case of a = 1/6, and the arm voltage command VANu* can be represented
by the following Expression (9).

VANu* = (Vdc/2) + Vp-sin(0s + 6v) + (1/6)-Vp-sin3(6s + 6v + 60) ... (9)

[0102] On the basis of the above Expression (9), the upper margin cUNu and the lower margin cLNu for the arm Nu
are calculated so as to be represented by the following Expression (10) and Expression (11).

ocUNu = VcANu - ((Vdc/2) + Vp-sin(Bs + 6v) + (1/6)- Vp-sin3(0s + 6v + 60)) ... (10)

oLNu = (Vdc/2) + Vp-sin(6s + 6v) + (1/6)- Vp-sin3(0s + 6v + 00) .. (11)

[0103] The adjustment phase 6o (= ot) for the zero-phase-sequence voltage command Vo* changes, and if the above
Expression (10) and Expression (11) are differentiated with respect to the adjustment phase 6o, the following Expression
(12) and Expression (13) are obtained. Here, VcANu in Expression (10) is hardly influenced by the zero-phase-sequence
voltage command Vo* and therefore is neglected.

ocUNu/dt = -(1/2)-Vp-cos3(6s + Ov + 60o) .. (12)

oLNu/dt = (1/2)- Vp-cos3(6s + 6v + 00) .. (13)

[0104] From Expression (12) and Expression (13), as shown in FIG. 9, when the adjustment phase 6o is increased,
the upper margin cUNu around 6s + 6v = /3 (region X1) increases, and the upper margin cUNu around 0s + 6v = 21t/3
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(region X2) decreases. In addition, the lower margin cLNu around 6s + 6v = 47/3 (region X3) increases, and the lower
margin cLNu around 6s + Ov = 57/3 (region X4) decreases.

[0105] Conversely, when the adjustment phase 0o is decreased, the upper margin cUNu around 6s + 6v = /3 (region
X1) decreases, and the upper margin cUNu around 6s + 6v = 21/3 (region X2) increases. In addition, the lower margin
coLNuaround 6s + 6v =4n/3 (region X3) decreases, and the lower margin cLNu around 6s + 8v = 57/3 (region X4) increases.
[0106] As described above, through phase adjustment of the zero-phase-sequence voltage command Vo*, the mini-
mum value cUmin of the upper margin cU obtained in the region X1 or the region X2 based on the reference phase (6s
+ 0v) and the minimum value cLmin of the lower margin oL obtained in the region X3 or the region X4 are changed. At
this time, by changing the adjustment phase 6o so that the smaller one of the two minimum values cUmin, cLmin
increases, the margin of the arm voltage command VA* with respect to the output voltage range is increased.

[0107] Inthe case shown in FIG. 9, before the phase adjustment, the minimum value cUmin of the upper margin cUa
obtained in the region X1 is smaller than the minimum value cLmin of the lower margin cLa obtained in the region X4,
and therefore the adjustment phase 6o is increased to increase the minimum value cUmin of the upper margin cUa.
[0108] In the region X1 and the region X3, the margin (upper margin cU or lower margin clL) increases with increase
in the adjustment phase 60, and in the regions X2 and X4, the margin (upper margin cU or lower margin cL) decreases
with increase in the adjustment phase 6o. Therefore, a case where the margin of the arm voltage command VA* with
respect to the output voltage range becomes greatest is when the smaller one of the minimum value of the upper margin
oU in the region X1 and the minimum value of the lower margin oL in the region X3 coincides with the smaller one of
the minimum value of the upper margin cU in the region X2 and the minimum value of the lower margin oL in the region X4.
[0109] FIG. 10 to FIG. 12 are waveform diagrams at various parts, for illustrating operation of the power conversion
device, and show cases where the margin of the arm voltage command VA* with respect to the output voltage range
becomes greatest. In FIG. 10 to FIG. 12, as in FIG. 9, the capacitor voltage sum VcA, the arm voltage command VA*,
the upper margin cU, the lower margin oL, and the zero-phase-sequence voltage command Vo* are shown.

[0110] FIG.10andFIG. 11 show cases where the adjustment phase 6o for the zero-phase-sequence voltage command
Vo* is increased, and the zero-phase-sequence voltage command Vo*a, the arm voltage command VA*a, the upper
margin cUa, and the lower margin cLa are waveforms before phase adjustment. FIG. 12 shows a case where the
adjustment phase 6o is kept without being changed, and the zero-phase-sequence voltage command Vo*a before phase
adjustment overlaps the zero-phase-sequence voltage command Vo*.

[0111] Alsoin FIG. 10 to FIG. 12, waveforms for the arm Nu are shown, and the capacitor voltage sum VcA, the arm
voltage command VA*, the upper margin cU, and the lower margin oL may be read as being replaced with the capacitor
voltage sum VcANu, the arm voltage command VANu*, the upper margin cUNu, and the lower margin cLNu. Although
not shown, as in FIG. 9, regions of the reference phase (6s + 6v) around n/3, around 2n/3, around 4x/3, and around
57/3 are defined as a region X1, a region X2, a region X3, and a region X4, respectively.

[0112] In the case shown in FIG. 10, the adjustment phase 6o is increased so that the minimum value cUmin of the
upper margin cU obtained in the region X1 and the minimum value cLmin of the lower margin oL obtained in the region
X4 become equal to each other. In this case, the minimum value of the upper margin cU in the region X1 is smaller than
the minimum value of the lower margin oL in the region X3, and the minimum value of the lower margin oL in the region
X4 is smaller than the minimum value of the upper margin cU in the region X2.

[0113] Then, the minimum value (cUmin) of the upper margin cU in the region X1 and the minimum value (cLmin) of
the lower margin oL in the region X4 are compared with each other, and in this case, the adjustment phase fo is increased.
Thus, sUmin is increased and cLmin is decreased so as to make cUmin and cLmin equal to each other.

[0114] In the case shown in FIG. 11, the adjustment phase 6o is increased so that the minimum value of the upper
margin cU in the region X1 and the minimum value of the upper margin cU in the region X2 become an equal minimum
value cUmin. In this case, the minimum value of the upper margin cU in the region X1 is smaller than the minimum
value of the lower margin oL in the region X3, and the minimum value of the upper margin cU in the region X2 is smaller
than the minimum value (cLmin) of the lower margin oL in the region X4.

[0115] Then, the minimum value of the upper margin cU in the region X1 and the minimum value of the upper margin
oU in the region X2 are compared with each other, and in this case, the adjustment phase 6o is increased. Thus, the
minimum value of the upper margin cU in the region X1 is increased and the minimum value of the upper margin cU in
the region X2 is decreased so that both values become an equal minimum value cUmin.

[0116] In the case shown in FIG. 12, the minimum value of the lower margin oL in the region X3 and the minimum
value of the lower margin oL in the region X4 become an equal minimum value cLmin. In this case, the minimum value
of the lower margin oL in the region X3 is smaller than the minimum value (cUmin) of the upper margin cU in the region
X1, and the minimum value of the lower margin oL in the region X4 is smaller than the minimum value of the upper
margin cU in the region X2. Then, the minimum value of the lower margin oL in the region X3 and the minimum value
of the lower margin cL in the region X4 are compared with each other, and in this case, both values are an equal minimum
value cLmin. Therefore, the adjustment phase 6o is not changed.

[0117] In the control device 20, in accordance with the capacitance of the DC capacitor 13, the AC voltage Vac, the
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DC voltage Vdc, or the like in the power converter 10, a circuit constant, and the operation state of the power converter
10, the above-described method is applied, thereby changing the adjustment phase 6o so as to maximize the margin
of the arm voltage command VA* with respect to the output voltage range.

[0118] Hereinafter, a specificadjustment method for the adjustment phase 6o will be described with reference to FIG. 13.
[0119] FIG. 13 is a waveform diagram showing the arm voltage command (lower margin oL) and the control margin
(upper margin cU) for the arm Nu.

[0120] As shown in FIG. 13, for the arm Nu, in one cycle of the AC voltage, the upper margin cU has one or two first
local minimum values cUa, cUB which can become the minimum value thereof, in a first half cycle range of 0 < 6s + 6v
< x. In addition, the lower margin oL has one or two second local minimum values cLa, cLp which can become the
minimum value thereof, in a second half cycle range of & < 6s + 6v < 2n. Here, a case where there are two first local
minimum values cUa, cUB in the first half cycle range and there are two second local minimum values cLa, cLf in the
second half cycle range, is shown.

[0121] Here, the first local minimum value cUa is a value (magnitude: U1) around 0s + 8v = /3 (region X1) in the first
half (0 < 6s + 6v < n/2) of the first half cycle, and the first local minimum value cUp is a value (magnitude: U2) around
0s + Ov = 27/3 (region X2) in the second half (n/2 < 8s + Ov < &) of the first half cycle. In addition, the second local
minimum value clLa is a value (magnitude: L1) around 6s + 8v = 41/3 (region X3) in the first half (= < 8s + 6v < 3n/2) of
the second half cycle, and the second local minimum value oL is a value (magnitude: L2) around 8s + 8v = 51/3 (region
X4) in the second half (3n/2 < 0s + Bv < 2r) of the second half cycle.

[0122] In the control device 20, first, the phase adjustment unit 32 of the zero-phase-sequence voltage command
generation unit 25 monitors the upper margin cU and the lower margin oL, and detects the first local minimum values
oUa, cUP and the second local minimum values clLa, oL in one cycle of the AC voltage. As an example of the detection
method, detection is performed when the upper margin cU or the lower margin cL has become greater than the value
in the previous cycle through consecutive three sampling cycles.

[0123] Next, from the detected first local minimum values cUa, cUB and second local minimum values olLa, cLf, a
third local minimum value which is smallest in a range of the first half of the first half cycle and the first half of the second
half cycle, is extracted. Thatis, the first local minimum value cUa and the second local minimum value cLo. are compared
with each other, and the smaller one is extracted as the third local minimum value.

[0124] Similarly, a fourth local minimum value which is smallest in a range of the second half of the first half cycle and
the second half of the second half cycle, is extracted. That is, the first local minimum value cUP and the second local
minimum value oL are compared with each other, and the smaller one is extracted as the fourth local minimum value.
[0125] In a case where one of the two local minimum values (first local minimum value cUa and second local minimum
value clLa) to be used for extracting the third local minimum value is absent, the detected other local minimum value is
used as the third local minimum value. Similarly, in a case where one of the two local minimum values (first local minimum
value cUp and second local minimum value cL) to be used for extracting the fourth local minimum value is absent, the
detected other local minimum value is used as the fourth local minimum value.

[0126] Then, the third local minimum value is subtracted from the fourth local minimum value, to calculate a deviation.
When the deviation is positive, the adjustment phase 6o for the zero-phase-sequence voltage command Vo* is increased,
and when the deviation is negative, the adjustment phase 6o is decreased.

[0127] Here, in a case of U1 < L2 < U2 < L1, the third local minimum value is U1 (first local minimum value cUa) and
the fourth local minimum value is L2 (second local minimum value cL3), and the deviation is positive. Thus, the adjustment
phase 6o is increased.

[0128] Regarding increase/decrease of the adjustment phase 6o, the adjustment phase 6o may be changed on a
certain value basis, or integral control or the like may be used. In addition, with a set value provided in advance, if the
deviation obtained by subtracting the third local minimum value from the fourth local minimum value is smaller than the
set value, the adjustment phase 6o may be fixed without being changed. This can prevent the adjustment phase 6o from
being frequently changed every time the arm voltage command VA* or the capacitor voltage sum VcA for the arm is
slightly changed due to disturbance or the like. Therefore, a phenomenon in which new disturbance occurs due to
frequent change of the adjustment phase 60 so that the adjustment phase 6o cannot converge, does not happen, and
thus the adjustment phase 6o can be reliably controlled.

[0129] Inthe presentembodiment, as described above, by performing adjustment to increase/decrease the adjustment
phase 6o, phase adjustment of the zero-phase-sequence voltage command Vo* is performed. Thus, even if the capacitor
voltage sum VcA pulsates, the margin of the arm voltage command VA* with respect to the output voltage range based
on the capacitor voltage sum VcA can be increased, whereby utilization of DC voltage can be assuredly improved.
[0130] In the above phase adjustment, the case of adjusting the adjustment phase 6o for the arm voltage command
VA* for the U-phase lower arm Nu has been shown, and the zero-phase-sequence voltage command Vo* thus obtained
is used in common for all the arms Pu, Nu, Pv, Nv, Pw, Nw. Under the assumption that the AC grid 2 is in a three-phase
balanced state, calculation of the adjustment phase 6o may be performed for at least one of the six arms Pu, Nu, Py,
Nv, Pw, Nw, whereby the margin of the arm voltage command VA* with respect to the output voltage range can be

1"



10

15

20

25

30

35

40

45

50

55

EP 4 191 865 A1
increased for all the arms and thus utilization of DC voltage can be assuredly improved.
Embodiment 2

[0131] In the above Embodiment 1, the case where calculation of phase adjustment for the zero-phase-sequence
voltage command Vo* is performed for one arm has been shown.

[0132] In Embodiment 2, for all the six arms Pu, Nu, Pv, Nv, Pw, Nw included in the power converter 10, six values
of each of the first local minimum values cUa, cUB and the second local minimum values clLa, oL of the upper margin
oU and the lower margin oL are detected per one cycle of the AC voltage. Then, among the six detected values of each
local minimum value, the smallest firstlocal minimum values cUamin, cUBmin and second local minimum values cLamin,
oLBmin are extracted.

[0133] The subsequent method is the same as in the above Embodiment 1. That is, among the first local minimum
values cUamin, cUBmin and the second local minimum values cLamin, cLBmin, the first local minimum value cUamin
and the second local minimum value cLamin are compared with each other, and the smaller one is extracted as the
third local minimum value. Similarly, the first local minimum value cUBmin and the second local minimum value cLBmin
are compared with each other, and the smaller one is extracted as the fourth local minimum value.

[0134] Then, the third local minimum value is subtracted from the fourth local minimum value, to calculate a deviation.
When the deviation is positive, the adjustment phase 6o for the zero-phase-sequence voltage command Vo* is increased,
and when the deviation is negative, the adjustment phase 6o is decreased.

[0135] Asdescribed above, by performing adjustmenttoincrease/decrease the adjustmentphase 6o, phase adjustment
of the zero-phase-sequence voltage command Vo* is performed. Thus, even if the capacitor voltage sum VcA pulsates,
the margin of the arm voltage command VA* with respect to the output voltage range based on the capacitor voltage
sum VcA can be increased, whereby utilization of DC voltage can be assuredly improved.

[0136] The AC grid 1 is basically in a three-phase balanced state, but in actuality, there is a case of not being in a
three-phase balanced state. In addition, in a case where one of the converter cells 11 in any arm of the power converter
10 has failed, operation is performed by bypassing the failed converter cell 11 via the bypass switch 15. In this case,
the number of the converter cells 11 that can perform output becomes smaller in the arm than in the other normal arms,
so that the voltage that can be outputted decreases, and also, since the number of the DC capacitors 13 becomes small,
pulsation of the capacitor voltage sum VcA also increases. Therefore, for the arm including the failed converter cell 11,
the margin of the arm voltage command VA* with respect to the output voltage range tends to be smaller as compared
to the other normal arms.

[0137] In the present embodiment, as described above, the upper margins cU and the lower margins oL for all the
arms are monitored, and calculation of phase adjustment is performed on the basis of the first local minimum values
oUa, cUPB and the second local minimum values clLa, cLp for all the arms.

[0138] Thus, evenin a case where the three-phase balance of the AC grid 2 is lost or a case where there are variations
in the main circuit constants for the arms or there are variations in the numbers of normal converter cells 11 in the arms
of the power converter 10, the margins of the arm voltage commands VA* with respect to the output voltage range can
be increased in the entire power conversion device 1. That is, while the margin for one arm is improved, a problem such
as deterioration in the margins for the other arms does not occur, and for all the arms, the arm voltage commands VA*
can fall within the output voltage range with margins provided, whereby utilization of DC voltage can be assuredly
improved with high reliability.

Embodiment 3

[0139] In the above embodiments 1 and 2, for phase adjustment of the zero-phase-sequence voltage command Vo*,
the upper margin cU and the lower margin oL for the arm are monitored and the first local minimum values cUa, cUB
and the second local minimum values clLa, oL are detected in one cycle of the AC voltage.

[0140] Inthe present embodiment, extrema of the upper margin cU and the lower margin oL are not detected and the
minimum value within a divided section is used. Matters other than phase adjustment of the zero-phase-sequence
voltage command Vo* are the same as in the above Embodiment 1.

[0141] FIG. 14 is a waveform diagram showing respective detection sections and phase update of the zero-phase-
sequence voltage command in the power conversion device. As shown in FIG. 14, one cycle of the AC grid 2 is divided
into six PH sections which are detection sections at PH = 0 to 5, and the adjustment phase 6o is updated at a timing T
of a set phase 6s + 6v + 6o = ©/2 + 2mn (m is an integer), as a phase adjustment time point. In FIG. 14, 6s + 6v + 60
(60 = 61) before update of the adjustment phase 6o and 0s + Ov + 6o (6o = 61 + ABo) after the update, are shown.
[0142] Inthe control device 20, the phase adjustment unit 32 of the zero-phase-sequence voltage command generation
unit 25 monitors the upper margin cU and the lower margin cL for the set arm in each PH section (PH = 0 to 5), to detect
the upper margin minimum value and the lower margin minimum value, and calculates and updates the adjustment
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phase 6o at the timing T.

[0143] Hereinafter, an adjustment method for the adjustment phase 6o according to the present embodiment will be
described in detail with reference to FIG. 15 to FIG. 18.

[0144] FIG. 15 is a waveform diagram showing the arm voltage command (lower margin oL) and the control margin
(upper margin cU) for each arm in the power conversion device.

[0145] In FIG. 15, waveforms of the upper margin cU and the lower margin oL for each arm Pu, Nu, Pv, Nv, Pw, Nw
in arange of 0 < 0s + Bv + 6o < 2x are shown. In FIG. 15, for simplification, 60 is not changed at the update timing T (6s
+ 0v + 00 = 1/2).

[0146] A timing at 6s + Bv + 6o = 7/2 is a start point of the PH section at PH = 0. For the arm Nu, a first instantaneous
value cU1 and a second instantaneous value cU2 where the upper margin cU can become the minimum value are in
the PH sections at PH = 5 and PH = 0, respectively, and a first instantaneous value cL1 and a second instantaneous
value cL2 where the lower margin oL can become the minimum value are in the PH sections at PH =2 and PH = 3,
respectively. In the other PH sections at PH = 1 and PH = 4, the AC component of the arm voltage command VA* (lower
margin olL) passes 0.

[0147] As described above, for each arm, the PH sections corresponding to the first instantaneous value cU1 and the
second instantaneous value cU2 where the upper margin cU can become the minimum value, and the PH sections
corresponding to the first instantaneous value cL1 and the second instantaneous value cL2 where the lower margin oL
can become the minimum value, are present.

[0148] From the above Expression (12) and Expression (13), when the adjustment phase 6o is increased, the first
instantaneous value cU1 of the upper margin cU increases and the second instantaneous value cU2 decreases. In
addition, the first instantaneous value cL1 of the lower margin cL increases and the second instantaneous value cL2
decreases.

[0149] Conversely, when the adjustment phase 6o is decreased, the first instantaneous value cU1 of the upper margin
cU decreases and the second instantaneous value cU2 increases. In addition, the first instantaneous value L1 of the
lower margin oL decreases and the second instantaneous value cL2 increases.

[0150] In each of the PH sections at PH = 0 to 5, four instantaneous values, i.e., the first instantaneous value cU1
and the second instantaneous value cU2 of the upper margins cU and the first instantaneous value cL1 and the second
instantaneous value oL2 of the lower margins oL are each detected for different arms. With reference to FIG. 15, for
example, in the PH section at PH = 0, the second instantaneous value cL2 of the lower margin oL is detected for the
arm Pu, the second instantaneous value cU2 of the upper margin cU is detected for the arm Nu, the first instantaneous
value cU1 of the upper margin cU is detected for the arm Pw, and the first instantaneous value cL1 of the lower margin
ol is detected for the arm Pu.

[0151] As described above, in each PH section, first to fourth arms which are arms for which the four instantaneous
values, i.e., the first instantaneous value cU1 and the second instantaneous value cU2 of the upper margins cU and
the first instantaneous value cL1 and the second instantaneous value cL2 of the lower margins oL are detected, are
determined.

[0152] FIG. 16 shows detection arms set for each detection section in the power conversion device. In the control
device 20, the phase adjustment unit 32 of the zero-phase-sequence voltage command generation unit 25 stores infor-
mation in which the first to fourth arms corresponding to the above four instantaneous values cU1, cU2, cL1, cL2 are
set in advance in each PH section, as a table as shown in FIG. 16, for example. Then, in accordance with the stored
information, the instantaneous values cU1, cU2, L1, cL2 for the set first to fourth arms are detected in each PH section.
[0153] FIG. 17 and FIG. 18 are flowcharts illustrating operation of the power conversion device. In this case, operation
for phase adjustment of the zero-phase-sequence voltage command Vo*, i.e., calculation and update of the adjustment
phase 6o, by the phase adjustment unit 32 of the zero-phase-sequence voltage command generation unit 25 in the
control device 20, will be described.

[0154] First, the phase adjustment unit 32 recognizes the PH section at PH = 0, using the phase 0s (= ot) of the AC
voltage Vac from the AC grid 2, phase shift 6v between the AC voltage Vac and the AC component of the arm voltage
command VA*, and the adjustment phase 6o (step S00).

[0155] Next, by referring to the stored information in which the first to fourth arms are set, the instantaneous values
(first instantaneous value cU1 and second instantaneous value cU2) of the upper margins cU for the first arm and the
second arm and the instantaneous values (first instantaneous value cL1 and second instantaneous value cL2) of the
lower margins oL for the third arm and the fourth arm are detected in the PH section at PH = 0 (step S01).

[0156] Next, for 6* = 6s + Ov + o, whether PH = 0 and 6* > 5n/6 are satisfied is determined, and in a case of No, the
process returns to step S01 (step S02).

[0157] In a case of Yes in step S02, minimum values cU1min, cU2min, cL1min, cL2min of the instantaneous values
oU1, cU2, oL1, oL2 in the PH section (PH = 0) detected in step S01 are stored as a first value, a second value, a third
value, and a fourth value (step S03). Then, the PH section is set to the section at PH = 1 (step S04).

[0158] Next, by referring to the stored information in which the first to fourth arms are set, the instantaneous values
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(first instantaneous value cU1 and second instantaneous value cU2) of the upper margins cU for the first arm and the
second arm and the instantaneous values (first instantaneous value cL1 and second instantaneous value cL2) of the
lower margins oL for the third arm and the fourth arm are detected in the PH section at PH = 1 (step S05).

[0159] Next, for 6* = 6s + Ov + o, whether PH = 1 and 6* > 7n/6 are satisfied is determined, and in a case of No, the
process returns to step S05 (step S06).

[0160] In a case of Yes in step S06, minimum values cU1min, cU2min, cL1min, cL2min of the instantaneous values
oU1, cU2, L1, oL2 in the PH section (PH = 1) detected in step S05 are stored as a first value, a second value, a third
value, and a fourth value (step S07). Then, the PH section is set to the section at PH = 2 (step S08).

[0161] Next, the above four steps from step 04 to step 08 are repeated while PH is increased by 1 for each time and
the range of 0* is also increased by n/3 for each time, until the PH section is set to the section at PH = 5 (step S20).
Then, in the PH section at PH = 5, similarly, the instantaneous values cU1, cU2, cL1, cL2 are detected (step S21).
[0162] Next, for 6* = 6s + 6v + 8o, whether PH = 5 and 6* > n/2 are satisfied is determined, and in a case of No, the
process returns to step S21 (step S22).

[0163] In a case of Yes in step S22, minimum values cU1min, cU2min, cL1min, cL2min of the instantaneous values
oU1, cU2, oL1, cL2 in the PH section (PH = 5) detected in step S21 are detected and stored as a first value, a second
value, a third value, and a fourth value (step S23). Then, the adjustment phase 6o is calculated and updated on the
basis of the minimum values cU1min, cU2min, cL1min, cL2min stored in the respective PH sections (step S24), and
the process returns to step S00 to set the PH section to the section at PH = 0.

[0164] The calculation of the adjustment phase 6o in step S24 is performed as follows. Each minimum value of six
data of each of cU1min, cU2min, cL1min, cL2min in all the PH sections at PH = 0 to 5 is defined as a first minimum
value cU1m, a second minimum value cU2m, a third minimum value sL1m, and a fourth minimum value cL2m, respec-
tively. Then, the first minimum value cU1m and the third minimum value cL1m are compared with each other and the
smaller one is extracted as cUL1, and similarly, the second minimum value cU2m and the fourth minimum value cL2m
are compared with each other and the smaller one is extracted as cUL2.

[0165] Then, the extracted cUL1 is subtracted from the extracted cUL2, to calculate a deviation. When the deviation
is positive, the adjustment phase 6o for the zero-phase-sequence voltage command Vo* is increased, and when the
deviation is negative, the adjustment phase 6o is decreased.

[0166] Regarding increase/decrease of the adjustment phase 6o, the adjustment phase 6o may be changed on a
certain value basis, or integral control or the like may be used.

[0167] Here, with a set value provided in advance, if the deviation obtained by subtracting the extracted cUL1 from
the extracted cUL2 is smaller than the set value, the adjustment phase 6o may be fixed without being changed. This
can prevent the adjustment phase 6o from being frequently changed every time the arm voltage command VA* or the
capacitor voltage sum VcA for the arm is slightly changed due to disturbance or the like, whereby the adjustment phase
0o can be reliably controlled.

[0168] Inthe presentembodiment, as described above, by performing adjustment to increase/decrease the adjustment
phase 6o, phase adjustment of the zero-phase-sequence voltage command Vo* is performed. Thus, even if the capacitor
voltage sum VcA pulsates, the margin of the arm voltage command VA* with respect to the output voltage range based
on the capacitor voltage sum VcA can be increased, whereby utilization of DC voltage can be assuredly improved.
[0169] In addition, using instantaneous value information of the upper margins cU and the lower margins cL for all
the arms, the adjustment phase 60 is adjusted to be increased/decreased so that the smallest margin (cU, olL) increases.
Thus, even in a case where the three-phase balance of the AC grid 2 is lost or a case where there are variations in the
main circuit constants for the arms or there are variations in the numbers of normal converter cells 11 in the arms of the
power converter 10, the margins of the arm voltage commands VA* with respect to the output voltage range can be
increased in the entire power conversion device 1.

[0170] In addition, in the present embodiment, on the basis of information of the first to fourth arms set in advance for
each PH section, the first minimum value cU1m and the second minimum value cU2m of the upper margins cU and
the third minimum value cL1m and the fourth minimum value cL2m of the lower margins oL are detected, and phase
adjustment of the zero-phase-sequence voltage command Vo* is performed so as to increase the margin of the arm
voltage command VA* with respect to the output voltage range.

[0171] Therefore, it is not necessary to detect the local minimum values cUa, cUB, clLa, oLp of the upper margin cU
and the lower margin oL as shown in the above embodiments 1 and 2. Presence/absence or the number of the local
minimum values of each of the upper margin cU and the lower margin oL in a range of interest is not constant, and
detection for the local minimum values is performed by recognizing the crests and the troughs of the waveforms of the
upper margin cU and the lower margin oL and therefore is complicated.

[0172] In the present embodiment, without using the local minimum values of the upper margin cU and the lower
margin oL, phase adjustment of the zero-phase-sequence voltage command Vo* can be performed easily and reliably.
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Embodiment 4

[0173] In the present embodiment, as in the above Embodiment 3, on the basis of information of the first to fourth
arms set in advance for each PH section, the first minimum value cU1m and the second minimum value cU2m of the
upper margins cU and the third minimum value cL1m and the fourth minimum value cL2m of the lower margins clL are
detected to perform adjustment to increase/decrease the adjustment phase 6o.

[0174] In the above Embodiment 3, the adjustment phase 6o is updated at the timing T for every cycle of the AC grid
2, whereas in the present embodiment, a period in which detection for the instantaneous values cU1, cU2, 6L 1, cL2 of
the upper margins cU and the lower margins oL is stopped is provided and the update interval for the adjustment phase
6o is expanded.

[0175] Hereinafter, update of the adjustment phase 6o in Embodiment 4 will be described on the basis of comparison
with the above Embodiment 3.

[0176] FIG. 19 is a waveform diagram showing phase update of the zero-phase-sequence voltage command in the
power conversion device according to the above Embodiment 3. FIG. 20 is a waveform diagram showing phase update
of the zero-phase-sequence voltage command in the power conversion device according to Embodiment 4.

[0177] The first update timing T is 6s + Ov + 60 = 7/2, and in the graphs, 6s + 6v + 80 (6o = 61) before update of the
adjustment phase 6o and 0s + Ov + 6o (6o = 61 + AB0) after the update are shown.

[0178] In the above Embodiment 3 shown in FIG. 19, the next update timing T is a timing at 6s + 6v + 61 + ABo = n/2
+ 2n. That is, the next update timing T is a timing at 6s + 6v + 61 = 1/2-A6o + 2x. In a case where Ao is positive, in a
period 40 of n/2-A6o < 0s + Ov + 01 < n/2, the instantaneous values cU1, cU2, cL1, cL2 cannot be detected, and as a
result, reliability of the first minimum value cU1m and the second minimum value cU2m of the upper margins cU and
the third minimum value cL1m and the fourth minimum value cL2m of the lower margins oL is deteriorated.

[0179] On the other hand, in Embodiment 4 shown in FIG. 20, a period 41 in which the instantaneous values cU1,
cU2, oL1, oL2 are continuously detected, and a period 42 in which detection for the instantaneous values cU1, cU2,
olL1, cL2is stopped, are provided. At the timing T (6s + 6v + 60 = 1/2) when the continuous detection period 41 is finished,
the adjustment phase 6o is updated from 61 to 61 + A6o. Then, the detection stop period 42 of /2 < 6s + Ov + 61 < n/2-
Abo + 27 passes, and in the subsequent continuous detection period 41, the instantaneous values cU1, cU2, L1, cL2
are continuously detected over one cycle until the next update timing T (6s + 6v + 61 = /2-A6o + 4x). Then, at the next
update timing T, the adjustment phase 60 is updated from 61 + Afo to 61 + ABo + AB0A, thus shifting to the detection
stop period 42.

[0180] FIG. 21 is a flowchart illustrating operation of the power conversion device according to Embodiment 4. In this
case, operation for phase adjustment of the zero-phase-sequence voltage command Vo*, i.e., calculation and update
of the adjustment phase 6o, by the phase adjustment unit 32 of the zero-phase-sequence voltage command generation
unit 25 in the control device 20, will be described.

[0181] First, a determination signal Cal which is 0 or 1 is set to an initial value 1 (step S100).

[0182] Next, whether the determination signal Cal is 0 or 1 is determined (step S101). If the determination signal Cal
is 1, the processing from step S00 to step S24 shown in the above Embodiment 3 is performed to calculate and update
the adjustment phase 60 on the basis of the minimum values cU1min, cU2min, cL1min, cL2min stored in the respective
PH sections (step S102), and the determination signal Cal is set to 0 (step S103), to return to step S101.

[0183] In step S101, if the determination signal Cal is 0, the PH section is set to the section at PH = 0 (step S 104).
Then, for 6* = 6s + 6v + o, whether PH = 0 and 6* > 51/6 are satisfied is determined, and this determination processing
is repeated until the determination indicates Yes (step S105). In a case of Yes, the PH section is set to the section at
PH = 1 (step S106).

[0184] Then, for 6* = 6s + 6v + 6o, whether PH = 1 and 6* > 71/6 are satisfied is determined, and this determination
processing is repeated until the determination indicates Yes (step S 107). In a case of Yes, the PH section is set to the
section at PH = 2 (step S108).

[0185] The above two steps of step 107 and step 108 are repeated while PH is increased by 1 for each time and the
range of 8* is also increased by n/3 for each time, until the PH section is set to the section at PH = 5 (step S120). Then,
for 0* = 0s + Ov + 0o, whether PH = 5 and 0* > rt/2 is satisfied is determined, and this determination process is repeated
until the determination indicates Yes (step S121). In a case of Yes, the determination signal Cal is set to 1 (step S122),
to return to step S101.

[0186] As described above, using the determination signal Cal, if the determination signal Cal is 1, the continuous
detection period 41 is set, and if the determination signal Cal is 0, the detection stop period 42 is set. Thus, the continuous
detection period 41 for the instantaneous values cU1, cU2, cL1, cL2 can be a period that continues over one cycle,
whereby the first minimum value cU1m and the second minimum value cU2m of the upper margins cU and the third
minimum value cL1m and the fourth minimum value cL2m of the lower margins oL are reliably acquired and reliability
of phase adjustment is improved.

[0187] In the above description, the continuous detection period 41 is set as one cycle of the AC voltage. However,
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the continuous detection period 41 may be a cycle that is an integer multiple of the AC voltage cycle.

[0188] If the continuous detection period 41 is present at least over one cycle of the AC voltage, the detection stop
period 42 may not necessarily be provided.

[0189] Although the invention is described above in terms of various exemplary embodiments and implementations,
it should be understood that the various features, aspects, and functionality described in one or more of the individual
embodiments are not limited in their applicability to the particular embodiment with which they are described, but instead
can be applied, alone or in various combinations to one or more of the embodiments of the invention.

[0190] Itis therefore understood that numerous modifications which have not been exemplified can be devised without
departing from the scope of the present invention. For example, at least one of the constituent components may be
modified, added, or eliminated. At least one of the constituent components mentioned in at least one of the preferred
embodiments may be selected and combined with the constituent components mentioned in another preferred embod-
iment.

DESCRIPTION OF THE REFERENCE CHARACTERS

[0191]

1 power conversion device

2 AC grid

4 DC circuit

5P, 5N DC terminal

6 AC input terminal

10 power converter

11 converter cell

24 arm voltage command generation unit
13 DC capacitor

20 control device

25 zero-phase-sequence voltage command generation unit
32 phase adjustment unit

41 continuous detection period

42 detection stop period

Pu, Nu, Pv, Nv, Pw, Nw arm

VA*, VAPu*, VANuU*, VAPV*, VANV*, VAPw*, VANw* arm voltage command

Vo* zero-phase-sequence voltage command
VcA, VcAPu, VcANu, VcAPv, VcANv, VcAPw, VcANw  capacitor voltage sum

oU upper margin

oL lower margin

oUmin minimum value of upper margin
oLmin minimum value of lower margin
oUa, cUB first local minimum value

olLa, oLP second local minimum value

oU1, cU2 instantaneous value of upper margin
clL1, oclL2 instantaneous value of lower margin
cU1min first value

oU2min second value

oL1min third value

oL2min fourth value

oU1m first minimum value

oU2m second minimum value

oL1m third minimum value

ol2m fourth minimum value

6o adjustment phase

T timing of phase adjustment

Claims

1. A power conversion device comprising:
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a power converter for performing power conversion between a DC circuit and a three-phase AC circuit; and

a control device for performing output control of the power converter, wherein the power converter includes, for
each phase of the three-phase AC circuit, two arms provided between common DC terminals and connected
to each other, a connection portion therebetween being connected to the corresponding phase of the three-
phase AC circuit, each of the arms being formed by connecting, in series, a plurality of converter cells each
composed of a plurality of semiconductor switching elements and a DC capacitor, and

wherein the control device includes a voltage command generation unit which generates, for each of the arms
of the power converter, an output voltage command for the plurality of converter cells, and the control device
generates, for each of the arms, a base command for output voltage of the plurality of converter cells, performs
phase adjustment of a zero-phase-sequence voltage command having a frequency component that is three
times a fundamental frequency of the three-phase AC circuit on the basis of voltage of the DC capacitor and
the output voltage command, and superimposes the phase-adjusted zero-phase-sequence voltage command
on the base command, thus generating the output voltage command.

The power conversion device according to claim 1,

wherein the control device calculates a control margin by subtracting the output voltage command for the arm from
a voltage sum of a plurality of the DC capacitors in the arm, compares a minimum value of the control margin and
a minimum value of the output voltage command in one cycle of AC voltage, and performs phase adjustment of the
zero-phase-sequence voltage command so that a smaller one of the minimum values increases.

The power conversion device according to claim 2,

wherein the control device detects, in one cycle of the AC voltage, a first local minimum value that can become the
minimum value of the control margin for the arm and a second local minimum value that can become the minimum
value of the output voltage command, and performs phase adjustment of the zero-phase-sequence voltage command
on the basis of the detected first local minimum value and the detected second local minimum value.

The power conversion device according to claim 3,

wherein in one cycle of the AC voltage, there is at least one first local minimum value in a first half cycle and
there is at least one second local minimum value in a second half cycle, and

the control device extracts, from the first local minimum value and the second local minimum value, a third local
minimum value that is smallest in a range of a first half of the first half cycle and a first half of the second half
cycle, and a fourth local minimum value that is smallest in a range of a second half of the first half cycle and a
second half of the second half cycle, and performs phase adjustment of the zero-phase-sequence voltage
command on the basis of a deviation between the third local minimum value and the fourth local minimum value.

The power conversion device according to claim 4,

wherein the control device detects the first local minimum values and the second local minimum values for all the
arms, respectively, and extracts one said third local minimum value and one said fourth local minimum value from
the detected first local minimum values and the detected second local minimum values.

The power conversion device according to claim 4 or 5,

wherein the third local minimum value increases with increase in a phase of the zero-phase-sequence voltage
command, and the fourth local minimum value increases with decrease in the phase of the zero-phase-sequence
voltage command.

The power conversion device according to any one of claims 4 to 6, wherein the control device does not change a
phase of the zero-phase-sequence voltage command when the deviation between the third local minimum value
and the fourth local minimum value is smaller than a set value.

The power conversion device according to claim 2,
wherein the control device

calculates the control margin for each of the arms,

in each of six sections obtained by dividing one cycle of the AC voltage, sets, in advance, a first arm and a
second arm for which the control margin can become the minimum value in the one cycle of the AC voltage,
and a third arm and a fourth arm for which the output voltage command can become the minimum value in the
one cycle of the AC voltage, among the plurality of arms,
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in each of the sections, detects the control margin for the first arm and defines the minimum value thereof as
afirst value, detects the control margin for the second arm and defines the minimum value thereof as the second
value, detects the output voltage command for the third arm and defines the minimum value thereof as a third
value, and detects the output voltage command for the fourth arm and defines the minimum value thereof as a
fourth value, and

at a set phase of the AC voltage, performs phase adjustment of the zero-phase-sequence voltage command
on the basis of the first to fourth values.

The power conversion device according to claim 8,
wherein among the first to fourth arms set in each of the sections,

for the first arm, the control margin in the section increases with increase in a phase of the zero-phase-sequence
voltage command,

for the second arm, the control margin in the section increases with decrease in the phase of the zero-phase-
sequence voltage command,

for the third arm, the output voltage command in the section increases with increase in the phase of the zero-
phase-sequence voltage command, and

for the fourth arm, the output voltage command in the section increases with decrease in the phase of the zero-
phase-sequence voltage command, and the control device

defines respective minimum values of the first values, the second values, the third values, and the fourth values
in all the six divided sections, as a first minimum value, a second minimum value, a third minimum value, and
a fourth minimum value, and

extracts a smaller one of the first minimum value and the third minimum value, and a smaller one of the second
minimum value and the fourth minimum value, and performs phase adjustment of the zero-phase-sequence
voltage command on the basis of a deviation between the two extracted values.

The power conversion device according to claim 9,
wherein the control device does not change the phase of the zero-phase-sequence voltage command when the
deviation is smaller than a set value.

The power conversion device according to any one of claims 8 to 10,

wherein in a continuous detection period until a phase adjustment time point, the control device detects the
control margins for the first and second arms and the output voltage commands for the third and fourth arms, and
the continuous detection period is at least one cycle of the AC voltage.

The power conversion device according to claim 11,

wherein the control device sets the continuous detection period to be an integer multiple of a cycle of the AC voltage,
and provides a period in which detection for the control margins for the first and second arms and the output voltage
commands for the third and fourth arms is stopped from a previous phase adjustment time point until a start time
point of the continuous detection period.
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FIG. 16
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FIG. 18
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